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Geometry and topology are fundamental concepts, which underlie a wide range of fascinating physical
phenomena such as topological states of matter and topological defects. In quantum mechanics, the geometry of
quantum states is fully captured by the quantum geometric tensor. Using a solid-state spin system, we demonstrate
a strong connection between coherent Rabi oscillations upon parametric modulations and the geometry of the
underlying quantum states. We exploit this useful relation to perform, for the first time, an experimental
measurement of the complete quantum geometric tensor. Our results establish coherent dynamical responses as
a versatile probe for quantum geometry, and they pave the way for the detection of topological phenomena in
solid state.
The quantum geometric tensor (QGT) constitutes a central
and ubiquitous concept in quantum mechanics, by providing a
geometric structure to the Hilbert space [1–5]. The imaginary
part of this tensor corresponds to the well-known Berry curva-
ture [6, 7], which acts as an effective “electromagnetic" tensor
in parameter space [8]. This geometric quantity, which is for-
mally associated with the parallel transport of wave functions,
is responsible for striking observable phenomena such as the
geometric phase [8], the anomalous Hall effect [9], and topo-
logical states of matter [10]. In contrast, the real part of the
QGT constitutes the Fubini-Study metric [2, 3, 5], which de-
fines a notion of distance (a Riemannian metric) in parameter
space through the overlap of wavefunctions. This “quantum
metric" was shown to play an important role in various con-
texts, including quantum phase transitions [11], open quantum
systems [12], orbital magnetism [13, 14], localization in insu-
lators [15], excitonic Lamb-shifts in transition-metal dichalco-
genides [16], superfluidity in flat bands [17], and topological
matter [18, 19]. Various manifestations of the QGT have been
observed in experiments, using very different physical plat-
forms and probes. On the one hand, the local Berry curvature
has been detected in ultracold atomic gases [20–22], coupled
optical fibers [23], and solids [24, 25]. On the other hand, a first
manifestation of the quantum metric – the so-called Wannier-
spread functional of Bloch bands [26] – was recently measured
in cold atoms [27, 28]. Nevertheless, a direct measurement of
the complete QGT is still lacking.
Here, we report on the first experimentalmeasurement of the
complete QGT, using an NV-center spin in diamond. Follow-
ing the proposal of Ref. [28], we exploit the relation between
the QGT and the response of quantum systems upon para-
metric modulations in order to map out the full Fubini-Study
metric as well as the local Berry curvature. Our results do not
only enforce the deep connections between out-of-equilibrium
dynamics and quantum geometry [29–37], but they also reveal
a universal tool for the detection of geometric and topological
properties in quantum systems.
We consider the general Hamiltonian H(λ) of a discrete
quantum system, which depends on a set of dimensionless
parameters λ = (λ1, λ2, · · · , λN ), where N is the dimension
of parameter space. The eigenstates and eigenvalues of the
Hamiltonian are defined via
H(λ)|n(λ)〉 = ϵn(λ)|n(λ)〉. (1)
If the Hamiltonian has no energy degeneracy, the QGT asso-
ciated with the eigenstate |n(λ)〉 is defined as [5]
χ (n)µν =
〈
∂µn(λ)
 (1 − |n(λ)〉〈n(λ)|) ∂νn(λ)〉. (2)
The real part Re(χµν ) = дµν is the Fubini-Study metric
that defines the distance between nearby states |ψn(λ)〉 and
|ψn(λ + dλ)〉 in parameter space, while the imaginary part
Im(χµν )=−Fµν (λ)/2 is related to the Berry curvature Fµν (λ).
It is useful to express the QGT in the form
χ (n)µν =
∑
m,n
〈n(λ)|∂µH(λ)|m(λ)
〉〈m(λ)|∂νH(λ)|n(λ)〉
(ϵm(λ) − ϵn(λ))2 , (3)
so as to highlight the relation between this geometric quantity
and the coupling matrix elements (Rabi frequencies) connect-
ing eigenstates |n(λ)〉 and |m(λ)〉 upon a parametric modula-
tion (see Refs. [28, 38] and below)
Ωn↔m(λ) ∝ 〈m(λ)|∂µH(λ)|n(λ)〉. (4)
In our experiment, we perform a full quantum-geometric
measurement of a generic two-level system, which is described
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FIG. 1. Probing quantum geometry from coherent response on
parametric modulation. (A-C) show different types of parametric
modulation (θt ,φt ), including (A-B) linear parametric modulation
θt = θ0 + aθ sin(ωt), φt = φ0 + aφ sin(ωt) for the measurement
of the diagonal [off-diagonal] element of the Fubini-Study metric
with aθ = 0 or aφ = 0 (A) [aθ = ±aφ , 0 (B)]; (C) elliptical
parametric modulation for the measurement of the local Berry cur-
vature (as indicated by color map) with θt = θ0 + aθ sin(ωt) and
φt = φ0 ± aφ cos(ωt). (D) The sketch of experiment setup for quan-
tum geometric measurement using the NV center spin in diamond.
A green laser pulse polarises the NV center spin into the |ms = 0〉
state. The engineered microwave from an arbitrary waveform gen-
erator (Tektronix AWG 70002A, 16GS/s) is amplified before being
delivered to the sample and coherently drives the NV center spin.
The NV center spin state is detected by an APD via spin-dependent
fluorescence. (E) An example of parametric modulation resonance
measurement. The probability that the NV center spin remains in the
initial eigenstate at time T = 400 ns as a function of the modulation
frequencyω of linear parametric modulation θt = θ0+aθ sin(ωt) and
φt = φ0 with (θ0,φ0) = (5pi/6, 0) and aθ = 0.1.
by the following Hamiltonian
H(θ ,φ) = A
2
(
cosθ sinθe−iφ
sinθeiφ − cosθ
)
, (5)
where (θ ,φ) form the parameter space. In such a system, the
non-zero elements of the QGT related to the low-energy state
are
дθθ = 1/4, дφφ = sin2 θ/4, дθφ = 0, Fθφ = sinθ/2. (6)
These components fully characterize the underlying geome-
try: the quantum metric д corresponds to the natural metric
of a sphere S2, embedded in R3 with fixed radius R = 1/2,
while the Berry curvature Fθφ corresponds to the “magnetic"
field of a fictitious Dirac monopole located at the center of that
sphere [19].
As mentioned earlier, the components of the QGT can be
directly connected to the frequency of a Rabi oscillation upon
parametric modulation. We consider two types of parametric
modulations [28]: (a) a “linear" parametric modulation with
θt = θ0 + aθ sin(ωt), φt = φ0 + aφ sin(ωt); (b) an “elliptical"
parametric modulation with θt = θ0 + aθ sin(ωt), φt = φ0 +
aφ cos(ωt); see Fig.1. Setting aθ ,aφ  1, the time-dependent
Hamiltonian can be expressed as
H(θt ,φt ) H(θ0,φ0) + aθ (∂θH) sin(ωt)
+ aφ (∂φH) sin(ωt) : linear
+ aφ (∂φH) cos(ωt) : elliptical. (7)
Setting the modulation frequency ωд↔e on resonance gener-
ates a coherent transition between the eigenstates, the Rabi
frequency of which allows one to measure the QGT [28, 38];
see Eqs.(3-4).
In our experiment, the two-level system in Eq. (5) is obtained
from a single nitrogen-vacancy (NV) center in an electronic
grade diamond. The NV center spin has a triplet ground state
manifold with three spin sublevels ms = 0,±1. We apply
a magnetic field Bz = 509 G along the NV axis to lift the
degeneracy ofms = ±1. The associated nitrogen nuclear spin
of NV center is polarised when the NV centre is initialised by a
532 nm green laser pulse. A two-level system is supported by
the spin sublevelsms = 0 andms =−1, which have an energy
splittingω0 = D−γBz ; the zero field splitting is D = (2pi )2.87
GHz and γ is the electron gyromagnetic ratio.
The experimental setup is sketched in Fig.1(D).We first pre-
pare the system in the eigenstate of the HamiltonianH(θ0,φ0),
i.e. |n(θ0,φ0)〉 = cos θ02 | − 1〉 + sin θ02 eiφ0 |0〉. This is achieved
by first applying a 532 nm green laser pulse to initialise the
NV center spin in the ms = 0 state. A subsequent mi-
crowave pulse Hi (t) = Ω sin(ω0t + φ0)σx , applied over a
duration tθ0 = θ0/Ω, rotates the NV center spin around the
axis nˆ(φ0) = (cosφ0, sinφ0, 0) by an angle θ0. The initial
state preparation is verified by a spin-locking type experiment,
which confirms that theNV spin is prepared in the eigenstate of
H(θ0,φ0) [38]. The microwave is generated using an arbitrary
waveform generator (AWG), and is delivered to the NV center
in the sample through a copper microwave antenna, after being
amplified by a microwave amplifier [Fig.1(D)].
The precise control over the AWG, in both amplitude and
timing, allows us to engineer the microwave driving field with
accurate amplitude and phase modulation. This leads to the
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FIG. 2. Parametric modulation induced coherent excitation. (A-B) Resonance oscillation under linear parametric modulation with aθ = 0,
aφ = 0.08 (A) and aθ = 0.1, aφ = 0.1 (B). (C) Resonance oscillation under elliptical parametric modulation with aθ = 0.1, aφ = 0.1. The
other experimental parameters are: (A) ωc = (2pi )20.98 MHz (θ0 = pi/6, green), (2pi )21.61 MHz (θ0 = pi/3, red), (2pi )20.73 MHz (θ0 = pi/2,
blue); (B) ωc = (2pi )19.11 MHz (θ0 = pi/6, green), (2pi )17.8 MHz (θ0 = 5pi/12, red), (2pi )16.72 MHz (θ0 = pi/2, blue); (C) ωc = (2pi )19.11
MHz (θ0 = pi/6, green), (2pi )17.8 MHz (θ0 = 5pi/12, red), (2pi )16.72 MHz (θ0 = pi/2, blue). (D-F) Rabi frequency of parametric modulation
induced resonant coherent transition (in the unit of resonant frequency ωc ) as a function of the parameter θ0 for linear (D-E) and elliptical (F)
parametric modulation. The curves represent the corresponding values from theoretical predictions. In (A-F), we set the parameter φ0 = 0.
implementation of the generic two-level system
H(t) = ω0
2
σz +V(t)σx , (8)
where V(t) = (A sinθt ) cos [ω0t − f (t) + φt ]. In the ex-
periment, we calibrate the driving amplitude in the Hamil-
tonian [Eq. (8)] with the output power of the AWG by
measuring the Rabi frequency of the NV center spin [38].
The amplitude modulation A sinθt and the phase modu-
lation −f (t) + φt are synthesised by waveform program-
ming in the AWG. The additional phase control function
has the form of f (t) = A
∫ t
0 cosθτdτ  A cosθ0J0(aθ )t −
(4A sinθ0/ω) J1(aθ ) sin2(ωt/2), where J0,1 are the zeroth and
first order Bessel functions of the first kind respectively [38].
Taking the limit ω0  A, such an engineered microwave
driving field allows us to realize the effective Hamiltonian
in Eqs.(5, 7) with the designed parametric modulation [38]:
Heff(t)  A2
[
cosθtσz + sinθt
(
cosφtσx + sinφtσy
) ]
. (9)
The coherent transition between the eigenstates of H(θ0,φ0)
due to the periodic modulation, which is used to extract the
QGT [28, 38], is detected by rotating the NV center spin
around the axis nˆ(φ0) by an angle 2pi − θ0. This rotation
maps the eigenstates of H(θ0,φ0) back to the NV center spin
state |0〉 and | − 1〉, which is then measured by spin-dependent
fluorescence.
In the experiment, we perform a resonant parametric modu-
lation and monitor the resulting Rabi oscillation. After prepar-
ing the NV center spin in the eigenstate |n(θ0,φ0)〉 of the
Hamiltonian H(θ0,φ0), we apply the engineered microwave
driving field with parametric modulation [Eq. (8)] and fix the
time duration T . We sweep the parametric modulation fre-
quencyω, andmeasure the probabilityp0(T ) that theNV center
spin remains in the initial eigenstate |n(θ0,φ0)〉. In Fig. 1(E),
we show an example of such a parametric-modulation mea-
surement, which corresponds to a linear modulation; see
Ref. [38] for the experimental data using other types of modu-
lations. The results indicate that a coherent transition between
the eigenstates becomes resonant when ω  A ≡ ωc . We
then measure the resonant coherent oscillation upon paramet-
ric modulation with ω = ωc , as shown in Fig.2 (A-C). Such
dynamical responses will be shown to represent direct signa-
tures of the system’s quantum geometry.
We first consider the Rabi frequency associated with the
“linear" modulation, denoted as Ωl (aθ ,aφ ), in view of prob-
ing the quantum metric [28]. Following a perturbative treat-
ment [38], one obtains a relation between Ωl (aθ ,aφ ) and the
following matrix elements
Ωl (aθ ,aφ ) = |〈m |aθ ∂θH(θ ,φ) + aφ∂φH(θ ,φ)|n〉|, (10)
where the operators are defined in Eq. (7). Then, using Eq. (3),
one can relate the matrix elements |〈m |∂µH(θ ,φ)|n〉| entering
Eq. (10) to the diagonal elements of the Fubini-Study metric
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FIG. 3. Extraction of the complete quantumgeometric tensor. (A)
shows the Fubini-Studymetric measured experimentally as compared
with the theoretical values дθφ = 0 (green curve), дφφ = sin2 θ0/4
(red curve) andдθθ = 1/4 (blue curve). (B) Themeasured local Berry
curvature Fθφ shows good agreement with the theoretical values
Fθφ = sinθ0/2. The experimental parameters are the same as Fig. 2.
дθθ and дφφ ; see Refs. [28, 38]. In particular, when mod-
ulating a single parameter, i.e. aθ = 0 or aφ = 0, Eq. (10)
reduces to Ωl (aθ , 0) = aθωc/2 and Ωl (0,aφ ) = aφωc sinθ0/2.
Fig. 2(D) shows the measured Rabi frequencies together with
their theoretical predictions, demonstrating good agreement;
this agreement can be improved by increasing themeasurement
time, which allows for a better determination of the oscillation
frequency.
We proceed by applying a more general linear mod-
ulation with aθ ,aφ , 0. The induced Rabi oscilla-
tion has contributions from the individual parametric mod-
ulations, but also from their interference captured by
Re{〈m |aθ ∂θH(θ ,φ)|n〉〈n |aφ∂φH(θ ,φ)|m〉}; see Eq.(10); the
latter are found to be related to the off-diagonal elements [28,
38] of the Fubini-Study metric дθφ . Fig. 2(E) displays the
observed Rabi frequency for aφ = ±aθ , which demonstrate
good agreement with the theoretical values Ωl (aθ ,aφ ) =
(a2θ + a2φ sin2 θ0)1/2ωc/2; see Ref. [38]. Similarly, the res-
onant elliptical parametric modulation θt = θ0 + aθ sin(ωt),
φt = φ0 + aφ cos(ωt), induces a coherent transition, with a
Rabi frequency given by
Ωc (aθ ,aφ ) = |〈m |aθ ∂θH(θ ,φ) − iaφ∂φH(θ ,φ)|n〉|. (11)
By exploiting the interference of the two individual paramet-
ric modulations, one can extract the local Berry curvature
through Fθφ ∼ Im{〈m |aθ ∂θH(θ ,φ)|n〉〈n |aφ∂φH(θ ,φ)|m〉}.
In Fig.2(F), we plot the observed Rabi frequencies for aφ =
±aθ , which show good agreement with the theoretical values
Ωc (aθ ,aφ ) = |aθ + aφ sinθ |ωc/2 [38].
As a central result, we show in Fig.3 the experimental ex-
traction of the full QGT, which is based on our Rabi-oscillation
measurements. This demonstrates how the coherent response
upon parametric modulations provides a powerful tool to ac-
cess the complete geometry of a discrete quantum system. We
point out that the present method, which measures all the ele-
ments of the QGT, is based on coherent dynamical responses
upon periodic parametric modulations, and in this sense, it
does not rely on any adiabaticity constraints (i.e. small mod-
ulation velocity [29, 30])). Furthermore, in contrast with the
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FIG. 4. Berry curvature measurement across the topological
transition. (A-B) show the measured local Berry curvature Fθφ for
the Hamiltonian Eq.(12) describing a Dirac monopole located inside
(A, r = 0.5) and outside (B, r = 1.5) the sphere. The curves represent
the corresponding theoretical values.
excitation-rate measurement of Refs. [27, 28, 34], the QGT is
extracted from Rabi oscillations [32], where the initial state
is recovered after each Rabi period; in principle, this allows
for the detection of geometry and topology through a non-
destructive measurement.
Besides, our quantum-geometry measurement can also be
used to characterize the topology of the underlying system.
For this analysis, we extend the Hamiltonian to the form
H(θ ,φ) = A
2
(
cosθ + r sinθe−iφ
sinθeiφ − cosθ − r
)
, (12)
where r is a tunable parameter. As for Eq. (5), the geom-
etry of the Hamiltonian in Eq. (12) is that of a fictitious
monopole located close to a sphere S2, whose position in
parametric space depends on r . The topology of the sys-
tem then relies on whether this fictitious monopole is located
inside the sphere or not, as captured by the Chern number
C = 12pi
∫
S2 Fθφdθdφ. Fig. 4 shows the Berry-curvature mea-
surement in two distinct topological phases, and demonstrate
good agreement with the theoretical predictions. In the non-
trivial regime, the Chern number can equally be determined
from the metric C = 12pi
∫
S2
(
2
√
д¯
)
dθdφ = 12pi
∫
S2 |Fθφ |dθdφ,
where д¯ = дθθдφφ − д2θφ is the determinant of the QGT [19].
Altogether, these results indicate that topology can indeed be
finely analyzed based on our geometric-detection scheme.
Conclusion & outlook.— To summarize, we have experi-
mentally demonstrated a powerful connection between coher-
ent excitations upon parametric modulations and the quantum
geometric tensor. Based on such a fundamental relation, we
have extracted the complete quantum geometric tensor of a
quantum system, which includes all the components of the
Fubini-Study metric and those of the local Berry curvature.
The method is readily applicable to observe other intriguing
topological defects, such as tensor monopoles defined in 4D
parameter spaces [19], and could also be further extended to
two coupled qubits. The results demonstrate that coherent dy-
namical response can serve as a powerful tool to access the
geometric and topological properties of quantum systems, and
opens away to explore the fundamental role of the quantum ge-
ometric tensor in various scenarios, ranging from many-body
5systems to open quantum systems.
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APPENDIX
A. Parametric modulation induced coherent transition for discrete quantum systems
In the main text, we experimentally demonstrate the connection between parametric modulation induced coherent transition
and quantum geometric tensor for discrete quantum systems. Here, we provide a detailed analysis on such a fundamental
connection following Ref. (28). Consider a discrete quantum system with a general Hamiltonian H(λ) which depends on a set
of dimensionless parameters λ = (λ1, λ2, · · · , λN ) where N is the dimension of parameter space, the eigenstates are given as
follows
H(λ)|n(λ)〉 = ϵn(λ)|n(λ)〉 (S.1)
If the Hamiltonian has no energy degeneracy, the definition of quantum geometric tensor (QGT) is (5)
χµν =
〈
∂µn(λ)
 (1 − |n(λ)〉〈n(λ)|) ∂νn(λ)〉. (S.2)
For simplicity, we denote ∂µ ≡ ∂λµ hereafter in themain text and supplementary information. The real part of QGTRe(χµν ) = дµν
is the Fubini-Study metric that quantifies the distance between nearby states |n(λ)〉 and |n(λ + dλ)〉 on parametric manifold,
the imaginary part Im(χµν ) = −Fµν (λ)/2 where Fµν (λ) is the local Berry curvature, which is responsible for the geometric
(Berry) phase. The QGT is shown to connect with the coherent response on parametric modulation (28). In the main text, we
consider two types of parametric modulation
[
λµ (t), λν (t)
]
: (a) the linear parametric modulation with λµ (t) = λ0µ + aµ sin(ωt),
λν (t) = λ0ν + aν sin(ωt); (b) the elliptical parametric modulation with λµ (t) = λ0µ + aµ sin(ωt), λν (t) = λ0ν + aν cos(ωt).
As a specific example of linear parametric modulation with aµ , 0 and aν = 0, when considering weak parametric modulation
i.e. aµ  1, the time-dependent Hamiltonian can be expanded as
H[λ(t)] = H(λ0) + aµ
[
∂µH(λ0)
]
sin(ωt) (S.3)
Assume that the initial state is prepared on the ground state |n(λ0)〉, it will be excited onto the higher energy levels by the time-
dependent Hamiltonian. Since the Hamiltonian is periodic, the problem can be solved by Floquet theorem. But if the frequency
of modulation is on resonance with the energy detuning between |n(λ0)〉 and |m(λ0)〉 namely ~ω = ~ωn↔m ≡ |ϵm(λ) − ϵn(λ)|,
the Floquet Hamiltonian can be simplified as a two-level Hamiltonian in the Hilbert subspace spanned by {|n(λ0)〉, |m(λ0)〉} as
follows
Hrot(λ0) =
(
ϵm(λ) − ~ω Ωn↔m(λ)
Ω∗n↔m(λ) ϵn(λ)
)
, (S.4)
where
Ωn↔m(λ) =
aµ
2
〈m(λ)|∂µH(λ)|n(λ)〉, (S.5)
with the following relation as〈m(λ)|∂µH(λ)|n(λ)〉2 = [ϵm(λ) − ϵn(λ)]2 〈∂µn(λ)|m(λ)〉〈m(λ)|∂µn(λ)〉. (S.6)
According to the definition of QGT, it can be seen that the diagonal element of the Fubini-Study metric can be expressed as
follows
дµµ (λ) =
〈
∂µn(λ)
 (1 − |n(λ)〉〈n(λ)|) ∂µn(λ)〉 (S.7)
=
∑
m,n
〈
∂µn(λ)|m(λ)〉〈m(λ)|∂µn(λ)
〉
(S.8)
7=
∑
m,n
|〈m(λ)|∂µH(λ)|n(λ)
〉 |2
(ϵm(λ) − ϵn(λ))2 (S.9)
=
∑
m,n
4|Ωn↔m(λ)|2
a2µω
2
n↔m
. (S.10)
For a two-level quantum system, the Rabi frequency of coherence transition is
Ωl (aµ ) = 2|Ωn↔m(λ)| = aµд1/2µµ (λ)ωc , (S.11)
where ωc = ωд↔e represents the resonant frequency between the ground state and the excited state.
We proceed to consider general linear parametric modulation λµ (t) = λ0µ + aµ sin(ωt), λν (t) = λ0ν + aν sin(ωt) with aµ , 0
and aν , 0. The amplitude of parametric modulation is small |aµ |, |aν |  1, thus the time-dependent Hamiltonian can be written
as follows
H[λ(t)] = H(λ0) + aµ
[
∂µH(λ0)
]
sin(ωt) + aν
[
∂νH(λ0)
]
sin(ωt). (S.12)
And the coherent transition Rabi frequency is
Ωn↔m(λ) = 12 〈m(λ)|aµ∂µH(λ) + aν ∂νH(λ)|n(λ)〉. (S.13)
Similarly, we can get the following relation between parametric modulation induced coherent transition and the Fubini-Study
metric as ∑
m,n
4|Ωn↔m(λ)|2
ω2n↔m
= a2µдµµ + 2aµaνдµν + a2νдνν . (S.14)
In particular, for a two-level quantum system, the corresponding Rabi frequency of coherent transition Ωl (aµ ,aν ) = 2|Ωn↔m(λ)|
is related to the Fubini-Study metric as follows
Ωl (aµ ,aν )2/ω2д↔e = a2µдµµ + 2aµaνдµν + a2νдνν . (S.15)
Therefore, one can extract the off-diagonal element of the Fubini-Study metric as follows
дµν =
[
Ωl (aµ ,aν )2 − Ωl (aµ ,−aν )2
] /(4aµaνω2д↔e ) . (S.16)
The coherent response on the elliptical parametric modulation with λµ (t) = λ0µ + aµ sin(ωt), λν (t) = λ0ν + aν cos(ωt) can be
analysed in a similar way. The corresponding time-dependent Hamiltonian can be written as follows
H[λ(t)] = H(λ0) + aµ
[
∂µH(λ0)
]
sin(ωt) + aν
[
∂νH(λ0)
]
cos(ωt). (S.17)
The coherent transition Rabi frequency is
Ωn↔m(λ) = 12 〈m(λ)|aµ∂µH(λ) − iaν ∂νH(λ)|n(λ)〉, (S.18)
which is connected with the local Berry curvature as∑
m,n
4|Ωn↔m(λ)|2
ω2n↔m
= a2µдµµ + aµaνFµν + a2νдνν . (S.19)
For a two-level quantum system, we have the Rabi frequency of coherent transition Ωc (aµ ,aν ) = 2|Ωn↔m(λ)| is related to the
Fubini-Study metric and the local Berry curvature as follows
Ωc (aµ ,aν )2/ω2д↔e = a2µдµµ + aµaνFµν + a2νдνν . (S.20)
Therefore, one can measure the local Berry curvature in the following way
Fµν =
[
Ωc (aµ ,aν )2 − Ωc (aµ ,−aν )2
] /(2aµaνω2д↔e ) . (S.21)
8We remark that, for a discrete quantum system with more than two energy levels, the frequency shall be modulated in a
larger range and a series of resonant transitions from the specific eigenstate to the other eigenstates shall be taken into account
respectively. In the limit aµ ,aν  1 where µ,ν ∈ {λ1, λ2, · · · , λN }, each resonant transition can be approximated as a two-level
system and the transition element 〈m(λ)|∂µH(λ)|n(λ)〉 (see Eq.3 in the main text) can be measured similarly.
B. Floquet analysis of coherent response on parametric modulation
The Hamiltonian of a two-level quantum system that we realize in the main text is in the parameter space and can be written as
H(θ ,φ) = A
2
(
cosθ sinθe−iφ
sinθeiφ − cosθ
)
. (S.22)
The system’s response to periodic parametric modulation reveals information on quantum geometry. Here, we provide Floquet
analysis for the example of linear parametric modulation θ (t) = θ0 + aθ sin(ωt), φ(t) = φ0 + aφ sin(ωt) with aθ = 0 and aφ , 0.
In this case, the time-dependent Hamiltonian can be expanded as
H(t) = H0(θ0,φ0) +
∑
n,0
Hneinωt (S.23)
with
Hn = A2Jn(aφ ) sinθ0
(
0 e−iφ0
(−1)neiφ0 0
)
, (S.24)
where Jn is the n-th order Bessel function of the first kind. The eigenstates of the HamiltonianH0(θ0,φ0) are
|ψ1〉 = cos θ02 |↑〉 + sin
θ0
2
eiφ0 |↓〉, (S.25)
|ψ2〉 = − sin θ02 e
−iφ0 |↑〉 + cos θ0
2
|↓〉, (S.26)
with the corresponding eigenenergy ±A2 respectively. Then one can rotate the above time-dependent Hamiltonian written in the
basis {|ψ1〉, |ψ2〉} as
H ′(t) = A
2
(|ψ1〉〈ψ1 | − |ψ2〉〈ψ2 |) +
∑
n,0
H ′neinωt , (S.27)
where
H ′2n−1 =
A
2
J2n−1(aφ ) sinθ0
(
0 e−iφ0
−eiφ0 0
)
, H ′2n =
A
2
J2n(aφ ) sinθ0
(
sinθ0 cosθ0e−iφ0
cosθ0eiφ0 − sinθ0
)
. (S.28)
Under rotating wave approximation, in the resonance case ~ω  A, the higher order terms can be ignored and the above
Hamiltonian can be simplified as
H ′(t) = A
2
(|ψ1〉〈ψ1 | − |ψ2〉〈ψ2 |) + A2J1(aφ ) sinθ0e
iωt (e−iφ0 |ψ1〉〈ψ2 | − eiφ0 |ψ2〉〈ψ1 |) + h.c . (S.29)
which leads to the following effective Hamiltonian as
Hrot =
( A
2 −A2 J1(aφ ) sinθ0eiφ0
−A2 J1(aφ ) sinθ0e−iφ0 −A2 + ~ω
)
. (S.30)
Therefore, the Rabi frequency of coherent transition from the ground state to the excited state is
Ω =
A
2
J1(aφ ) sinθ0 = aφд1/2φφ ωc/2. (S.31)
We remark that the above Floquet analysis can be extended to general linear parametric modulation as well as elliptical parametric
modulation.
9C. Engineering of the effective Hamiltonian with parametric modulation
In the main text, we engineer a microwave driving field with amplitude, frequency and phase modulation (see Eq.5) acting on
the NV center spin that leads to the following Hamiltonian as
H(t) = ω0
2
σz +A sinθt cos [ω0t − f (t) + φt ]σx , (S.32)
where θt and φt are periodically modulated parameters and f (t) is a function which can be controlled in experiment. We first
define the operator
K(t) = ω0t
2
σz − A2
∫ t
0
cosθτdτσz ≡ A(t)σz (S.33)
The effective Hamiltonian in the rotating frame can be written as
Heff = eiK(t )H(t)e−iK(t ) + i
( ∂eiK(t )
∂t
)
e−iK(t ) (S.34)
= eiA(t )σz
{ω0
2
σz +A sinθt cos[ω0t − f (t) + φt ]σx
}
e−iA(t )σz − ∂A(t)
∂t
σz (S.35)
= A sinθt cos[ω0t − f (t) + φt ]
{
eiA(t )σzσxe−iA(t )σz
}
+
A
2
cosθtσz (S.36)
= A sinθt cos[ω0t − f (t) + φt ]{cos[2A(t)]σx − sin[2A(t)]σy } + A2 cosθtσz (S.37)

A
2
sinθt cos
[
A
∫ t
0
cosθτdτ − f (t) + φt
]
σx +A sinθt sin
[
A
∫ t
0
cosθτdτ − f (t) + φt
]
σy +
A
2
cosθtσz , (S.38)
where we use rotating-wave approximation and neglect the fast oscillating terms with frequency 2ω0. If we set the phase control
function
f (t) = A
∫ t
0
cosθτdτ , (S.39)
the effective Hamiltonian can be simplified as
Heff  A2
[
cosθtσz + sinθt
(
cosφtσx + sinφtσy
) ]
(S.40)
which is the desired Hamiltonian. In our experiments, we implement the phase control function f (t) for θt = θ0 + aθ sin(ωt) as
follows
f (t) =A
∫ t
0
cosθτdτ
=A
∫ t
0
cos [θ0 + aθ sin(ωτ )]dτ
=A
∫ t
0
{
cosθ0
[
J0(aθ ) + 2
∞∑
n=1
J2n(aθ ) cos(2nωτ )
]
− 2 sinθ0
∞∑
n=0
J2n+1(aθ ) sin ((2n + 1)ωτ )
}
A cosθ0J0(aθ )t − 4A sinθ0
ω
J1(aθ ) sin2(ωt/2),
(S.41)
where Jn(x) is the n-th order Bessel function of the first kind. The approximation in the last line is valid for the present scenarios
with aθ  1.
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D. Initial state preparation and verification
In our experiments, the first step is to prepare the NV center spin into the ground state of the unperturbed HamiltonianH(θ0,φ0)
as follows
H(θ0,φ0) = A2
(
cosθ0 sinθ0e−iφ0
sinθ0eiφ0 − cosθ0
)
. (S.42)
which is a superposition state |ψ (0)〉 = cos θ2 | − 1〉 + eiφ0 sin θ2 |0〉, see Eq.(S.27), in which we denote |↑〉 ≡ | − 1〉 and |↓〉 ≡ |0〉.
Such an initial state can be prepared by applying a resonant microwave driving field as
Hp =
ω0
2
σz + Ω sin(ω0t + φ)σx , (S.43)
for time duration t = θ0/Ω, where Ω is the Rabi frequency. If the initial state is not in the eigenstate of the HamiltonianH(θ0,φ0),
it would cause oscillation that may blur the coherent oscillation arising from parametric modulation. In order to verify that we
have indeed prepared the NV center spin into the right initial state, we perform experiments by engineering a microwave driving
field corresponding to the Hamiltonian in Eq.(S.42). If the initial state is the ground state ofH(θ0,φ0), no transition to the excited
state will be observed. In the experiments, we carefully tune the microwave pulse duration for the initial state preparation so that
no transition to the excited state under the HamiltonianH(θ0,φ0) occurs, as shown in Fig.S1.
0 20 40 60 80 100
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1
FIG. S1. Verification of initial state preparation. The state evolution from the initial state |ψ (0)〉, as governed by the Hamiltonian
H(θ0,φ0), is quantified by the fidelity pд(t) = |〈ψ (t)|ψ (0)〉2. The plot shows two initial states that are prepared by the microwave pulse
Hi (t) = Ω sin(ω0t + φ0)σx with different time duration t = 11.94 ns (red, ◦) and t = 0.04 ns (blue, ).
E. Calibration of Rabi frequency and microwave amplitude
As we program parametric modulation in the waveform of AWG by specifying the microwave output amplitude, it is necessary
to calibrate the relation between the microwave amplitude of AWG output and the Rabi frequency of the NV center spin. In
Fig.S2, we show one example of such a calibration, which shows that the Rabi frequency of the NV center spin scales linear with
the AWG output amplitude for the parameter regime in which our experiments are performed. The microwave calibration is done
for all the measurements.
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FIG. S2. Calibration of Rabi frequency and microwave amplitude. The measured Rabi frequency Ω of the NV center spin as a function of
the output amplitude of arbitrary waveform generator while using the same microwave amplifying efficiency.
F. Parametric modulation resonance measurement
In the parametric modulation resonance measurement experiments, we first prepare the NV center spin in the ground state |ψ0〉
of the HamiltonianH(θ0,φ0) by a microwave pulse nˆ(φ0)|θ0 . We then apply the engineered microwave driving field with different
types of parametric modulation and fix the time durationT . By sweeping the parametric modulation frequencyω, we measure the
probability p0(T ) that the NV center spin remains in the ground state |ψ0〉. When the parametric modulation frequencyω matches
the transition frequency, we observe a resonance signal in the probability p0(T ). In the main text, as shown in Fig.1(E), we
provide an example of parametric modulation resonance measurement. In Fig.S3, we show the parametric modulation resonance
measurement data for the other types of parametric modulation.
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FIG. S3. Parametric modulation resonance measurement. The probability that the NV center spin remains in the ground state |ψ (д)〉 at
time T as a function of the modulation frequency ω of (a) linear parametric modulation with aθ = 0, aφ = 0.08, and (θ0,φ0) = (pi/2, 0),
T = 450 ns; (b) linear parametric modulation with aθ = aφ = 0.1, and (θ0,φ0) = (pi/6, 0), T = 400 ns; (c) elliptical parametric modulation
with aθ = aφ = 0.1, and (θ0,φ0) = (pi/6, 0), T = 450 ns.
G. Precise determination of parametric modulation resonance and oscillation frequency
After preparing the NV center spin in the ground state |ψ0〉 of the Hamiltonian H(θ0,φ0) by a microwave pulse nˆ(φ0)|θ0 , we
perform parametric modulation resonance measurement by sweeping the parametric modulation frequency ω, and measure the
probability p0(T ) that the NV center spin remains in the ground state |ψд〉, from which we can roughly determine the resonant
frequency. The more accurate we determine the parametric modulation resonant frequency, the more precise we can extract the
information on quantum geometry. Therefore, in the experiments, we optimise the parametric modulation frequency to achieve
the best possible oscillation contrast in order to improve the accuracy in determining the Rabi frequency. Fig.S4 shows coherent
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FIG. S4. Identification of exact resonance frequency. Coherent oscillation under elliptical parametric modulation with slightly different
modulation frequency ω = (2pi )20.98 MHz (red, ◦) and ω = (2pi )20.82 MHz (blue, ). The other parameters are: θ0 = pi/4, φ = 0,aθ = 0.1
and aφ = 0.1.
transition from the ground state to the excited state on parametric modulation with slightly different modulation frequency. It can
be seen that when the resonant condition is better matched, the parametric modulation induced coherent oscillation demonstrates
a higher contrast. We observe that the Rabi frequencies depend on the modulation amplitudes, but also, on the form of the
parametric modulation, which is shown to represent direct signatures of the system’s quantum geometry..
H. Detecting topological transition from measurement of quantum geometry
The topological transition can be detected in our experiment by extending the Hamiltonian into the following form
H(θ ,φ) = A
2
(
cosθ + r sinθe−iφ
sinθeiφ − cosθ − r
)
, (S.44)
where r is a tunable constant that can be realised with an additional frequency detuning. For different value of r , the QGT of the
Hamiltonian (S.44) can be calculated analytically as
дθθ =
(1 + r cosθ )2
4(1 + r 2 + 2r cosθ )2 , (S.45)
дφφ =
sin2 θ
4(1 + r 2 + 2r cosθ ) , (S.46)
дθφ = 0, (S.47)
Fθφ = sinθ (1 + r cosθ )2(1 + r 2 + 2r cosθ )3/2 . (S.48)
With a finite value of r , all elements of the QGT can also be measured directly in our experiment using the similar method as
described in the main text. In this case, the frequency of parametric modulation would depend on θ because the eigenenergies
of Hamiltonian (S.44) are
E±(r ,θ ,φ) = ±A2
√
1 + r 2 + 2r cosθ , (S.49)
which change with the value of θ . The NV center spin shall be initialised into the eigenstate
|ψд〉 = cos θ
′
2
| − 1〉 + sin θ
′
2
eiφ |0〉 with θ ′ = cos−1 cosθ + r√
1 + r 2 + 2r cosθ
, (S.50)
which depends on the value of r .
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When r = 0, we can look at the parameter space as a sphere S2 embedded in R3, with a magnetic (Dirac) monopole at its
origin. Changing the additional parameter r moves the location of this monopole away from the origin, and the topology of this
parameter space is characterized by the number of monopoles inside the sphere. The number of monopoles is counted by the
Chern number, which is the integral of the Berry curvature over the sphere (7)
C = 1
2pi
∫
S2
Fθφdθdφ. (S.51)
For a finite value of r , the distribution of Berry curvature Fθφ is not symmetric on both sides of θ = pi/2. When r approaches 1,
the value of Fθφ has a singularity around θ = pi which corresponds to a topological transition, where the monopole moves out
of the sphere. In terms of the Chern number, the Chern number is C = 1 when r < 1, but C = 0 when r > 1.
